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SYNOPSIS: The VELACS project was conducted in order to improve existing methods for the analysis of the conseq~e.nces 
of soil liquefaction. The project showed that centrifuge studies are repeatable only under carefully controlled conditions. 
Most procedures were able to predict the onset ~f liquefacti~n in contract~ve soils.' but only effective stress based. fully 
coupled nonlinear procedures were able to predict deformations due to hquefactiO?· None. of the curren~ly .available 
procedures could simulate the behavior of dilative soils adequately. Problems we~e attnbuted to I~proper const.Itutive mod~l 
implementation and inadequate calibration. An example to ev~luate ~e be~a_v10r of a fl~w shde obs~rved m a dynamic 
centrifuge test is presented. Numerical simulations of deformations with a fimte deformation formulati~n showed that the 
main core of the embankment remained stable after shaking. This is in agreement with the observed behaviOr. 
1 INTRODUCTION 
The VELACS (VErification of Liquefaction Analysis using 
Centrifuge Studies) project was a collab?rati~e eff~rt 
among seven universities: University of C~hfornia.' Da~Is; 
California Institute of Technology; Cambndge UmvefSlty; 
University of Colorado, Boulder; Massachusetts Institute of 
Technology; Princeton University; and Renssel~er 
Polytechnic Institute. From 1989 to 1993, extensive 
research was conducted at these universities to develop 
improved methods for experimentally simulating and 
numerically modeling the consequences of soil liquefaction. 
The project was coordinated by the University of Florida, 
North Carolina State University, and the University of 
Southern California as well as The Earth Technology 
Corporation (Arulanandan and Scott, 1993). 
The main objective of the VELACS project was to 
provide the experimental data necessary to dete?Dine the 
efficiency of the various computer codes available for 
dynamic soil analysis. In order to attain this objective, nine 
centrifuge model tests with well defined boundary 
conditions were performed (see Fig. 1). The soils used in 
these studies were extensively tested so that their material 
behavior could be properly characterized. The base 
motions used were selected prior to performing the actual 
tests. A priori or "Class A" numerical predictions of the 
model response were made by over 30 numerical modelers 
using various numerical procedures. The project 
concluded that only fully coupled, nonlinear, effective 
stress based procedures are capable of properly capturing 
the consequences of soil liquefaction. 
2 REPEATABILI1Y OF CENTRIFUGE TESTS 
Centrifuge modeling is known to be a reliable tool for 
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studying the mechanisms of soil behavior in boundary value 
problems. In order to gauge the errors inherent in 
centrifuge studies, each of the nine VELACS models was 
performed at three separate universities. Test results from 
different facilities showed good repeatability only when the 
centrifuge modelers followed identical methods of model 
preparation, and only when the centrifuge facilities wtre 
capable of producing simulated earthquake motions which 
accurately reproduced the entire range of frequency 
components specified. 
In the VELACS project, Models 1, 2, 4a, and 4b all 
showed fairly good repeatability (Arulanandan and Scott, 
1993). Model 4a illustrates reasonable centrifuge 
repeatability between universities. The measured excess 
pore pressures, and the horizontal and vertical accelerations 
were nearly identical among the Davis, Caltech, and RPI 
tests even though the input base motion achieved by Caltech 
did not contain precisely the correct frequency components. 
However, the surface settlement measured by the three 
universities did not agree all that well (Fig. 2). Note that 
much greater repeatability may be attained by a single 
investigator using the same facilities to perform a number 
of centrifuge tests. 
Although the centrifuge studies showed reasonable 
repeatability for models with simple geometry, the 
repeatability for more complex geometries was not very 
good. In Model 7, a silt core embankment was modeled at 
Davis, RPI, and Colorado. The specified input base motion 
had considerable high frequency components that were not 
captured by the hydraulic actuators used to simulate the 
base motion. This is the main reason that the accelerations, 
displacements, and pore pressures did not show good 
repeatability among the universities (Fig. 3). Other issues 
which may have led to poor repeatability include human 
error in transducer placement, boundary effects of the 
model containers, and undesirable side effects such as 
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Fig. 1. Centrifuge model configuration for VELACS 
project 
unaccounted for vertical base motions. These phenomenon 
should be thoroughly studied in future applications of 
centrifuge modeling. 
3 SOIL LIQUEFACfiON ANALYSIS 
In order to fully appreciate the significance of the 
VELACS findings, a brief summary of the different types 
of soil liquefaction analysis procedures currently available 
will be presented. Uncoupled, or total stress equivalent 
linear methods of analysis have been widely used in 
programs such as SHAKE, QUAD-4, FEADAM, LUSH, 
and FLUSH. The fundamental assumption of the equivalent 
linear methods is that nonlinear soil response can be 
approximated satisfactorily by a damped linear elastic 
model. The stress-strain properties of a soil are defmed by 
strain-dependent shear moduli and equivalent viscous 
damping ratios. For saturated cohesionless soils, this 
method is used in conduction with laboratory data from 
undrained cyclic loading tests to assess liquefaction 
potential at any part of the system. This method cannot 
accurately calculate displacements, and consequently 
Newmark's Sliding Block method must also be used. 
DESRA and TARA are the most representative codes that 
have been developed based on the indirect coupling 
methodology. Indirectly coupled methods assume that the 
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Fig. 2. Repeatability in centrifuge model 4a 
material can be considered to behave elastically in small 
load increments. The bulk and shear moduli of the soil are 
changed in each load increment. The main improvement in 
this approach is the linkage of pore pressure generation to 
the nonlinear equations of motion. Both DESRA and 
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Fig. 3. Poor repeatability in centrifuge model 7 
TARA include a semi-empirical pore pressure generation 
model with relates the change in pore pressure to the 
change in the volumetric strain under drained conditions. 
The excess pore p:essure generated during each load 
increment is used to calculate the current effective stress, 
which in tum is used to compute the pressure dependent 
elastic moduli for the next increment or iteration. To 
account for the possibility of pore pressure dissipation 
during dynamic excitation or after the event, a one 
dimensional diffusion mechanism is also built into these 
programs. However, the poor _simulation o~ pore. pre~sure 
dissipation leads to inaccurate dtsplacement time htstones. 
DYSAC2, DYNAFLOW, and SWANDYNE are codes 
which have been developed using fully coupled effective 
stress based formulations. In fully coupled methods, the 
equations governing the motion of the soli~ and fl~id 
phases are coupled with the mass balance equation resultmg 
in fully coupled differential equations governing the 
problem. These differential equations are then 
approximated by a weighted residual method such as 
Galerkin's method. The approximate integral form is then 
disr.retized by the finite element technique. The final 
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matrix differential equations are integrated by a temporal 
integration method such as the Hilbert-Taylor-Hughes 
method. In fully coupled ~ethods: pore pressu~e 
generation and dissipation are duec~ly, hnk.ed to _the s01l 
skeleton deformation according to Btot s formulat10_n, ~nd 
consequently are also controlled by the constitutive 
relationship. This is potentially the most accurate method 
of analysis. 
4 CONTRACTIVE/DILATIVE SOILS 
All existing numerical procedures for soil liquefaction 
analysis are generally effective in sir~mlati~g the onset of 
liquefaction in contractive nonco~estve s01ls. . VELACS 
Model 1 modeled the simplest posstble case: a smgle layer 
of level sand. All of the numerical procedures used in the 
VELACS project were capable of predicting liquefaction in 
the top of the sand column. However, a w~de r~nge of 
differences exist in the predictions of deformatiOns mduced 
by liquefaction. Predicted surface settlements in Model 1 
ranged from less than 0 em to more than 34 em (whereas 
the centrifuge showed about 20 em). S~me of ~he 
predictions even showed surface swelhng dunng 
liquefaction (Fig. 4 ). 
VELACS showed that fully coupled effective stress based 
numerical procedures predict deformation ~tter ~~an 
partially coupled or uncoupled procedures whtch utthze 
empirical relationships to . corre~ate the P?re pressure 
generation with the volumetnc stram of the soil. The Class 
A VELACS predictions revealed th~t the latter pro~edures 
may produce unrealistic deformation trends dunng the 
shaking phase for contractive soils. 
None of the available numerical procedures adequately 
simulate the behavior of dilative soils. VELACS Model 6 
consisted of a heterogeneous embankment consisting of a 
relatively dense sand core overlain by a silt layer. An 
examination of the Class A predictions conducted on Model 
6 reveals that predictions of pore water generation in the 
sand core (PPTD) generally do not agree with the 
experimental results (Fig. 5). This discrepancy is expected 
due to the deficiencies in the existing constitutive models 
used to simulate the cyclic behavior of dense sands. 
Recently under the VELACS project, a numerical 
procedure incorporating an ~nisotropi~ ~on associate 
plasticity based phenomenologiCal constitutive model to 
simulate the stress-strain behavior of sands has been 
developed and used to predict large def~rmation ~Ma~ari, 
1993 ). A typical simulated stress path 1s. sho~ m Ftg .. ~­
It is clear that this model is capable of stmulatmg a soil s 
contractive behavior as well as dilative behavior upon 
reaching the phase transformation line. 
5 PROPER CONSTITUTIVE MODELING 
One of the major lessons learned from the VELACS 
project is that constitutive models play an essential role in 
any analysis of soil liquefaction and deformation. A 
comparison of the different Class A predictions made using 
effective stress based procedures shows a wide range of 
Settlement Measured by L VDTl 
0 2 4 6 8 10 12 14 16 18 20 
Settlement Predicted by Uncoupled Code 
Settlement curve tor: 
u.c.llon • ~0, 12.5, 20.0) LVDT1 
u.c.tlon • (11.5, 12.5, 20.0) LVDT2 
' 
---2 • • • 10 1 . 10 ,. 20 llmo (ooc) 








Lo<".atlon = (11.5,6.25,1 0.0) m 
-30 
0 2 4 6 8 10 12 14 16 18 20 










0 4 8 12 16 20 
TI~.Sec. 
Fig. 4. Surface settlement for model no. 1 
deficiencies. There are two main reasons for these 
deficiencies, namely, improper model calibration and 
improper numerical implementation. 
Some existing models are incapable of simulating the 
stress-strain response of non-cohesive soils for different 
stress (or strain) paths using a unique set of parameters. In 
most _of the models a compromise must be made by 
choosmg an average set of parameters which should 
approximate the stress path in the boundary value problem. 
'_fhis compromise involves considerable engineering 
judgment. 
In general, predictors try to get a best fit to the results of 
laboratory tests. However, there is no standard procedure 
for achieving a best fit. Consequently, different sets of 
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Fig. 5. Pore pressure (PPTD) for model 6 
parameters may be attained by different users for the same 
problem, even if both predictors use the same code to 
predict the same problem. 
The VELACS predictors used different methods to 
implement their plasticity based constitutive models in the 
computer codes. The accuracy and stability of these 
methods was not studied thoroughly. A close examination 
of the published materials on the constitutive models used 
in the VELACS project reveals that most of the constitutive 
equations were integrated using conventional integration 
procedures. In many cases, special features of the 
constitutive models such as pressure-dependent moduli 
were not properly implemented in the integration 
procedure. Recent studies show that even in the case of 
simplest soi~ pl~sticity. mo?el (the modified cam clay 
model) spectal mtegrat10n 1s necessary if accurate and 
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monotonic drained compression and extension tests. 
Evaluation of Deformation of Mo<lel No. 6 
Manzari's numerical code is based on a u-p form of 
coupled equations of motion for the soil skeleton and the 
pore fluid. A total Lagrangian formulation is included in 
this code to analyze large displacements or deformations. 
The constitutive model accommodates isotropic and 
kinematic hardening of a loading surface enclosed by a 
failure surface, and uses the relative position of these two 
surfaces to model the cyclic behavior of non-cohesive soils. 
There are nine parameters used to fully describe the soils: 
two elastic parameters, two parameters to describe the 
slope of the failure line and phase transformation line in q-
p space, two parameters to describe isotropic hardening, 
one parameter to describe the plastic modulus, and two 
parameters to determine the initial size of the loading 
surface and the position of the failure surface. Six of these 
parameters can be found directly from conventional triaxial 
tests. The rest may be determined by calibration. 
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In order to evaluate the performance of the model in 
simulating different stress-strain paths, a series of 
simulations were carried out. A series of drained 
monotonic compression and extension and cyclic undrained 
tests were conducted on Nevada sand (see Figs. 6 to 9) to 
calibrate the constitutive model. These parameters were 
used to evaluate the behavior of a flow slide observed in a 
dynamic centrifuge test (see Fig. 10). One of the major 
goals of this study was to investigate the capability of a 
finite deformation formulation to simulate the permanent 
deformations in a flow slide problem. Numerical 
simulations of deformations with the finite deformation 
formulation showed that the main core remained stable 
after shaking (Fig. 11 ). This is in agreement with the 
observed behavior in a centrifuge model test Arulanandan 
and Zeng, 1993 (see Fig. 12 ). Figures 13 to 15 show 
comparisons between the computed time histories of 
vertical displacement and those measured at the locations of 
LVDTl to LVDT. It can be seen that the computed 
displacement time history at LVDTl is in excellent 
agreement with the recorded displacements while the 
computed displacements at the locations of L VDT2 and 
L VDT3 are less than the measured displacements. 
6 CONCLUSIONS 
Centrifuge studies show repeatability between universities 
only if the shakers used are capable of reproducing the 
frequency components of the input base motion and if care 
is taken in model preparation. Most predictive methods are 
capable of predicting the onset of liquefaction for 
contractive soils, although only fully coupled nonlinear 
effective stress based numerical procedures can properly 
predict displacements for contractive soils. None of the 
presently available procedures can properly characterize 
dilative soils. Constitutive modeling is the most important 
factor in dynamic soil modeling, yet there is still 
considerable ambiguity in the calibration procedure. 
Constitutive models need to be properly implemented in 
order to give reasonable results. 
VELACS showed that only effective stress based 
nonlinear numerical procedures are capable of producing 
reasonable predictions for soil liquefaction problems. The 
procedures are highly dependent upon the performance of 
their plasticity based constitutive models, and consequently 
it is important to properly characterize the soil and obtain a 
reliable set of material parameters. Analysis should include 
a priori evaluations of the site response to representative 
historical earthquakes. An example to evaluate the 
behavior of a flow slide observed in a dynamic centrifuge 
test is presented. Numerical simulations of deformations 
with a finite deformation formulation showed that the main 
core of the embankment remained stable after shaking. 
This is in agreement with the observed behavior. 
Future research efforts along these lines include the 
VELACS 2 project. The project will attempt to resolve the 
difficulties encountered in the Class A predictions of 
VELACS, and to isolate the main causes of these 
difficulties. Intense scrutiny will be placed on each step of 
the research in order to assure the acquisition of a reliable 
data base. It will attempt to identify reasons for poor 
numerical predictions such as improper model calibration 
and implementation. It will also propose solutions to these 
problems. The ultimate accomplishment will be the 
recommendation of procedures for the analysis of 
geotechnical structures by professional engineers. 
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Fig. 11. The results of a finite deformation analysis for the 
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Fig. 12. Model configuration after shaking - large deformation. 
Fig. 10. Plan and cross-sectional view of the flow failure 
centrifuge model. 
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